Introduction
The vitamin biotin plays key metabolic roles when covalently bound to essential carboxylases and decarboxylases involved in lipogenesis, glucogenesis, and amino acid degradation. 1 The enzymatic attachment of the biotin co-factor is catalysed by biotin protein ligase (BPL, EC: 6.3.4.15), also known as holocarboxylase synthetase (HCS). BPL is exceptionally specific, recognising less than five biotin-dependant enzymes in most eukaryotes and in bacteria only the multi-subunit protein acetyl-CoA carboxylase (ACC) is biotinylated. 2 In the functional ACC complex, the biotin prosthetic group is linked via an amide linkage to a conserved lysine residue of the biotin carboxyl carrier protein (BCCP) domain. 3 Biotin mediates (through its N 1 carboxylated form) the transfer of CO 2 from hydrogen carbonate to acetyl-CoA to afford malonyl-CoA. 4 The biotinylation reaction catalysed by BPL is Mg 2+ and ATP dependant and occurs in two steps (Scheme 1).
The first step generates the reactive intermediate biotinyl-5'-AMP and in the second step, the N ε of the target lysine of BCCP reacts with the activated carboxyl group to form biotinylated-BCCP with release of AMP. 5 Mechanistically, BPL belongs to the family of adenylating enzymes which includes lipoate protein ligase (LplA) and aminoacyl-tRNA synthetase (aaRS). Analysis of the crystal structures of E. coli BPL, BirA, and
LplA shows that the two enzymes are close structural homologs. [6] [7] [8] Structural similarities have also been previously reported between BirA and class II aminoacyl-tRNA synthetases and these suggest that despite poor sequence identity, the three enzymes could have arisen from a common ancestor. 7, 8 The BPL enzymes have been further classified into four sub-classes, according to their domain structures and their ability to control biotin metabolism. 9 E. coli BirA is a bifunctional class II BPL which has regulatory properties as well as biotin-transfer activity. BirA normally acts as a ligase after converting biotin into biotinyl-5'-AMP, but in the absence of substrate apo-BCCP, the BirA:biotinyl-5'-AMP complex dimerizes and represses biotin biosynthesis by binding of the N-terminal domains to the bidirectional O/P region of the biotin operon (which encodes bioABCFD). 10, 11 The biotin sensing/birA regulatory circuit has been used as a paradigm for studies of the control of metabolism by a repressor protein controlled by a small molecule co-regulator. 12 The structure of BirA has been reported in its ligand-free form, in complex with biotin and with the biotinyl-5'-AMP analogue, biotinol-5'-AMP. [13] [14] [15] [16] These structures show three distinct domains: a N-terminal DNAbinding domain, a large central catalytic domain, and a small C-terminal domain for which the exact function remains unclear. The structure of monomeric, ligand-free BirA reveals four disordered surface loops in the catalytic domain and shows that disorder-to-order transitions occurring upon biotin binding induce dimerization. In the structure of BirA in complex with biotin, the biotin binding loop protects the biotin moiety from the solvent while two more loops located at the dimer interface are also ordered. In the structure of the BirA:biotinol-5'-AMP complex, the last peptide segment forms the adenylate-binding loop and completes the dimer packing. In BirA, the binding of the substrates and the formation of biotinyl-5'-AMP occur via an ordered sequential process with ATP binding after biotin and subsequent dimerisation. 17 The crystal structures of Pyroccocus horikoshii OT3 BPL (PhBPL) have been determined in the ligand-free state and in complex with biotin, ADP, and biotinyl-5'-AMP. 18 The class I PhBPL lacks the N-terminal DNA-binding domain and acts solely as a ligase but the overall fold of PhBPL has high structural similarity with the catalytic and C-terminal subunits of BirA. The structure of ligand-free PhBPL indicates that only the biotin binding loop is disordered and that after substrate binding, the intermediate biotinyl-5'-AMP is stabilised within the active site via hydrogen-bonds with the loop. The formation of a BPL:BCCP complex appears to be required prior to the transfer of the biotin moiety onto the target lysine to ensure the specificity of the enzymatic biotinylation reaction. Most recently, the structures of the single and double mutants, PhBPL R48A and PhBPL R48A K111A, as well as their complexes with the corresponding C-terminal BCCP domain (PhBCCPΔN76) revealed the residues responsible for complex formation and biotin transfer in this hypothermophilic species. 19 A model of the E. coli complex has also been assembled using the structures of BirA and the E. coli BCCP87 biotinyl domain, and the complex formed between Aquifex aeolicus BPL and the C-terminal fragment BCCPΔ67 has been characterised by chemical cross-linking.
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The conserved glycine-rich motif, GXGRXG, present in all BPLs (e.g. 45 22 In contrast, the corresponding loop has been shown in PhBPL to interact with biotin, ADP and biotinyl-5'-AMP. 18 The two mutants PhBPL R48A and PhBPL R48A K11A have been shown to catalyse the formation of holo-BCCPΔN76. 19 However, while the structure of the single PhBPL mutant in complex with biotinyl-5'AMP has been determined showing nearidentical interactions with the native enzyme, in the structure of PhBPL R48A K11A, only biotin and the adenosine moiety are visible. In the BirA structures, the glycine-rich motif plays a role in binding both biotin and biotinol-5'-AMP. 14, 16 Kinetic and thermodynamic studies carried out on single-site mutants of the 115 GRGRRG 120 motif of BirA indicate that mutations within this motif alter ligand affinities and affect the dimerisation process. [22] [23] [24] Mutant BirA R118G has been shown to have lost its substrate specificity; in vivo and in vitro assays have shown that the mutant biotinylates itself as well as non-cognate acceptors. 25 While the mechanism involved in this promiscuous biotinylation is not understood, it has been suggested that it could arises as a result of dissociation of the BirA R118G:biotinyl-5'-AMP complex to give free biotin adenylate which reacts with available amino groups. Despite the crystallographic data obtained for the BirA and PhBPL complexes, the role of the conserved arginine in the normal catalytic process remains unclear. The mechanistic importance of this residue is underscored by the observation that mutation of the corresponding arginine in the glycine motif of human holocarboxylase synthetase (R508W), which is known to alter its affinity for biotin, gives rise to multiple carboxylase deficiency syndrome. 26, 27 We have investigated the importance of the arginine 40 from the glycine-rich motif in the specificity of the biotinylation reaction catalysed by the Aquifex aeolicus BPL (AaBPL). The X-ray structures of the class I AaBPL in the ligand-free state and in complex with biotin and ATP are described and these allow us to propose a role for the Arg40 residue in substrate binding. Isothermal titration calorimetry experiments have been carried out with AaBPL in order to investigate the substrate binding processes. Characterisation of the crystal structure of the mutant AaBPL R40G in complex with biotin and complementary ITC experiments indicate that the conformation of the active site and ATP binding are strongly affected by the R40G mutation.
Furthermore, streptavidin western blot studies and mass spectrometric analyses carried out with wildtype AaBPL and mutant R40G have shown the importance of the conserved Arg40 in the catalytic process.
Results and Discussion

The Structure of A. aeolicus BPL
In the structure of the class I AaBPL, the first 186 residues of the 26 kDa (233 aa) protein folds into a large Nterminal catalytic domain which contains seven β-strands and five α-helices (Figure 1a) . 21 The smaller C- The class I PhBPL is dimeric in solution and this dimer is also observed in the crystal form. 18 The β 1 -strands of each PhBPL monomer are hydrogen-bonded and form the dimer interface ( Figure 1b) . The crystals of AaBPL belong to either the monoclinic space-group P21 or to the orthorhombic space-group P2 1 2 1 2 1 and, like the P. horikoshii enzyme, consist of two monomers per asymmetric unit related by a pseudo-two fold axis.
However, in the structure of apo-AaBPL the β 1 -strands are located in close proximity but do not form an intersubunit β-sheet (Figure 1b) . The monomeric nature of AaBPL observed in the crystal structures of the ligandfree and ligand-bound forms is also found in solution -supported by gel filtration experiments carried out in the absence and presence of substrates (data not shown).
The biotin and ATP binding sites in AaBPL
The structure of AaBPL complexed with biotin and ATP (AaBPL:biotin:ATP) was determined at a resolution helix. In addition, the ureido carbonyl forms hydrogen-bonds with the hydroxyl group of Ser13 from the β 1 -α 1 loop and the backbone NH of Arg38. The aliphatic tail of the biotin is held by a sandwich of two hydrophobic walls formed by the residues Gly106, Val107, and Leu108 from the β 6 -strand on one side, and on the other side, the residues Gly37, Gly39, Trp45, and Leu46 from the biotin binding loop. 
Capture of the biotin-ATP intermediate complex of AaBPL
In the AaBPL and PhBPL complexes with biotin and ATP, the biotin binding loops display significant conformational differences which can be attributed to the sequence differences within their respective glycine rich motifs -AaBPL 37 GRGRLG 42 and PhBPL 45 GHGRLN 50 ( Figure 3 ). In comparison to the AaBPL:biotin:ATP structure, in the PhBPL complex, the loop is displaced and the side chain of the Asn50 is solventexposed and interacts weakly with the His46 (Bagautdinov and Kunishima, PDB entry: 2DTO). The
Lys111 was proposed to play a key role in the formation of biotinyl-5'-AMP in PhBPL by stabilising the pentacoordinate transition state of the α-phosphate before formation of the phosphoanhydride bond. 18 In the AaBPL:biotin:ATP complex the equivalent conserved lysine (Lys103) adopts a similar conformation but forms long-range hydrogen-bonds with the carboxyl group of the biotin.
Of particular note are the specific orientation and the interactions made by the Arg40 residue in the structure of the AaBPL complex which differ significantly from those in the PhBPL and BirA substrate complexes. 14, 16, 18 . Arg40 plays an essential role in stabilising the biotin and ATP ligands within the active site (Figures 2b and 3 ). In the AaBPL:biotin:ATP ternary complex, the side chain of Arg40 interacts with the carboxyl group of the biotin and forms direct hydrogen-bonds with the oxygens of the α-and β-phosphates of ATP. The backbone NH of the Arg40 residue also interacts with the carboxyl group of the biotin. This orientation of the conserved arginine side chain has not been observed in other ligand-bound BPL structures.
In the structure of the BirA:biotin complex, the backbone NH of the equivalent arginine (Arg118) forms hydrogen-bonds with the carboxyl group of the biotin and in the complex with biotinol-5'-AMP, the backbone NH interacts with the oxygen atoms of the phosphate group of the adenylate. 14, 16 Thus, in the BirA complexes, 
The Crystal structure of the AaBPL R40G:biotin complex
Cronan and colleagues had previously noted that an E. coli BirA R118G mutant, previously generated by early mutational studies and analysed Kwon and Beckett, was a "promiscuous" biotinylating enzyme. 22, 25, 29, 30 This BirA R118G is defective in binding of both biotin and biotinyl-5'-AMP whereas ATP is bound normally.
The dissociation constant of the R118G mutant for biotinyl-5'-AMP binding is 400-fold greater than that of wild type BirA whereas the biotin binding constant is 100-fold reduced. In the E. coli enzyme this loop is AaBPL binds both substrates in an exothermic process (Figure 5a and 5b). The thermodynamic parameters (Table 1) The error in ΔH is ± 5% and is mainly due to the differences in enzyme and ligand concentrations. Table 1 ). The enthalpy and entropy changes measured for the two possible pathways-i and iii, and ii and iv-leading to the formation of the AaBPL:biotin:ATP ternary complex correspond within experimental error and indicate cooperativity between biotin and ATP binding ( Figure 6 ).
Binding studies
Despite relatively large variations in apparent enthalpy and entropy changes for the different AaBPL binary and ternary complexes, the overall changes in binding free energies are much smaller and this may be attributed to the ubiquitous enthalpy-entropy compensation frequently observed in biomolecular systems. To investigate the role of Arg40 in the ligand binding process, ITC experiments were also performed with theAaBPL R40G enzyme. Titrations of this mutant under the experimental conditions used for the wild type indicated that the affinity for biotin is only 2.5-fold lower than that observed for the native enzyme (K D 8.3 μ M compared with 3.5 μM; see Figure 5c and Table 1 ). This suggests that, in contrast to the E. coli mutant BirA R118G, which displayed greatly reduced biotin binding, the Arg to Gly mutation has little effect on biotin binding in AaBPL. Thus, while the affinity of BirA for biotin is approximately 100-fold greater than that ofAaBPL, the dissociation constants for the biotin complexes of the two mutants BirA R118G and AaBPL R40G are similar (K D 1.8 μM and 8.3 μM, respectively). 22 Both apparent enthalpy and entropy changes are favourable for biotin binding to the mutant (Table 1) 
Substrate biotinylation with AaBPL R40G
Previously, we showed that the C-terminal domain of A. aeolicus BCCP (BCCPΔ67) is a substrate for biotinylation with AaBPL. 21 Incubation of apo-BCCPΔ67 with AaBPL or the mutant AaBPL R40G in the presence of biotin, ATP and MgCl 2 for 20 min at 65 °C led to the formation of biotinylated-BCCPΔ67.
While, on the basis of streptavidin Western blots of the reactions, the R40G mutant appears to be a poorer catalyst than the wild type enzyme (Figure 7a , lanes 9 and 10), mass spectrometry of the biotinylated BCCPΔ 67 from the R40G-catalysed reaction revealed the formation of a singly biotinylated BCCPΔ67 species with a mass increase equivalent to one biotin moiety (10,740.7 -10,966.2 Da) (Figure 8c ). The mutant substrate BCCPΔ67 K117L, which lacks the target Lys117, is not biotinylated by AaBPL or by AaBPL R40G,
showing that none of the remaining four lysine residues was derivatised and suggests a significant degree of target specificity (Figure 7a, lanes 12-14) . However, Western blots of these reactions also showed that AaBPL R40G, in contrast to the wild type enzyme, self-biotinylates (Figure 7a ). This was confirmed by mass spectrometry analysis of the R40G species after incubation; mass increases in the range 200 ∼ 2000 Da (data not shown) were observed, indicating that the single R40G mutant, which contains lysine residues, undergoes multiple biotinylation.
The equivalent BirA mutant, BirA R118G, has been shown to biotinylate itself in vivo and in vitro, and to biotinylate non-cognate acceptors such as bovine serum albumin (BSA) or RNAse A. 25 On the basis of the fact that BirA R118G binds biotinyl-5′-AMP less tightly than wild-type BirA (K D 20 nM and K D 45 pM, respectively), it has been suggested that this could be a direct consequence of non-specific solution reactions of free biotinyl-5′-AMP with exposed lysine residues. 22, 25 Our suggestion that A. aeolicusBCCPΔ67
K117L is not multiply biotinylated is supported by recent chemical biotinylation studies of E. coliBCCP87
with free biotinyl-5′-AMP, which have demonstrated that only the target lysine is modified. 33 This specificity has been attributed to the intrinsic reactivity of the target lysine and the stabilisation of the BCCP:biotinyl-5′-AMP complex through interactions of the ureido ring of the biotin moiety with residues of the "thumb" region present in both E. coli and A. aeolicus BCCP. To determine whether AaBPL and AaBPL R40G could also carry out non-specific biotinylation, the enzymes were incubated with biotin, ATP and MgCl 2 in the presence of (BSA) at 65 °C. Western blot analysis of the products revealed that, while biotinylation of BSA did not occur in the presence of substrates alone or at low concentration of wild-type AaBPL, the mutant AaBPL R40G biotinylated itself and BSA in a manner similar to that shown for BirA R118G (Figure 7b ). At high concentrations of enzyme, the wild-type AaBPL also carried out self-biotinylation and non-specific biotinylation of BSA, albeit less effectively.
AaBPL R40G appears to self-biotinylate preferentially rather than derivatise the substrates BSA or BCCPΔ67
( Figure 8a and b) , which is likely to be a consequence of the elevated temperature of the reaction with the thermostable enzymes. Since chemical biotinylation with biotinyl-5′-AMP is proximity-dependent and the lifetime of AMP mixed anhydrides in aqueous solution (typically t 1/2 ∼ 1 min at pH 7, 25 °C) will be significantly shorter at 65 °C, the amount of reagent surviving to modify a non-cognate acceptor will be significantly less. 
Conclusion
We have determined the crystal structures of the monomeric class I AaBPL in the ligand-free form and in complex with biotin and ATP. We found that AaBPL displays a high level of structural similarity with the E.
coli BirA and P. horikoshii BPL enzymes with regard to the domain arrangement and overall fold. 16, 18 The geometry of the novel AaBPL:biotin:ATP complex presented here suggests that it is similar to that of the transition state that precedes biotinyl-5′-AMP formation. In the structure of the AaBPL:biotin:ATP complex, the biotin co-factor and the AMP moiety of ATP are buried in the adenylate-binding site, and the biotin carboxylate and the α-phosphate are located in close proximity to each other at the entrance of the active site.
This suggests that subsequent nucleophilic attack of the carboxylate anion on the α-phosphate leading to the formation of the phosphoanhydride bond of the product requires only minor changes to the conformation of the active site and may be facilitated by Mg 2+ binding to the β-and γ-phosphates of ATP, which are solvent-exposed and located in the inter-subunit domain formed by the N-and C-termini. The oxygen atoms of the ATP γ-phosphate form long-range hydrogen bonds with residues located on the SH3-like barrel Cterminal domain also characterized in the structural homologue phenylalanine tRNA synthetase. 8 This is the first demonstration that direct interactions of the substrates and the C-terminal domain of a BPL occur. This has been further highlighted in the recent co-crystal structures of PhBPL R48A and K111A with BCCPΔ N76, the C-terminal domain shows the largest variations in the different stages of the complex, which suggests its functional importance in this isoform. 19 The bent conformation of the adenylate described in the PhBPL:biotinyl-5′-AMP and BirA:biotinol-5′-AMP complexes has also been observed in the structural homologue Thermoplasma acidophilum LplA (TaLplA) bound to lipoyl-AMP. 36, 37 However, the orientation of the triphosphate chain of ATP is not conserved in these enzymes. In the structure of TaLplA bound to MgATP, the ATP moiety adopts a U-shaped conformation and the phosphate chain points inward towards the bifurcated lipoyl-AMP-binding pocket, which is accessible through a tunnel-like entrance. The β-phosphate occupies roughly the same position as the carboxyl group of lipoyl-AMP inside the predominantly hydrophobic cavity. The U-shaped conformation of ATP is also observed in the structures of class II aminoacyl-tRNA synthetases bound to ATP but here the β-and γ-phosphates remain solvent-exposed. For example, comparison of the structures of Thermus thermophilus glycyl-tRNA synthetase bound to ATP and glycyl-AMP show that the ATP phosphate chain, located at the entrance of the active site, is bent away from the binding site of the glycyl moiety. The resultant aminoacyl-adenylate adopts an extended conformation. 38 Analysis of the structures ofStaphylococcus aureus threonyl-tRNA synthetase bound to ATP and Zn 2+ and to an adenylate analogue (threonyl-AMS) and the structures of the MgATP and alanine complexes of A. aeolicus alanyl-tRNA synthetase supports this common binding mode in class II tRNA synthetases. 39, 40 The . 24, 28 The order of binding of the substrate
and ATP in the adenylate-synthesising enzymes appears to be peculiarly isozyme-specific, since the eukaryotic class IV BPL from Saccharomyces cerevisae binds ATP before biotin, while amino acid and ATP binding is a random process in the class II tRNA synthetases. 43, 44 The collapse of the substrate-binding loop observed in the structure of the R40G mutant adversely affects ATP binding but does not inactivate the enzyme completely (vide infra). We used mass spectrometry and streptavidin Western blot studies to reveal that AaBPL R40G can catalyse the formation of biotinyl-5′-AMP in the presence of high concentrations of ATP and promiscuously biotinylate the target lysine of apo-BCCPΔ 67, and residues on BSA and the mutant itself. It can be envisaged that, as a consequence of the changed conformation of the binding site, the AaBPL R40G:biotinyl-5′-AMP binary complex can dissociate and release the adenylate in the absence of the acceptor protein. Similar behaviour has been observed with the BirA mutant R118G and in native E. coli methionyl-tRNA and valyl-tRNA synthetases. 25, 45, 46 In the structure of PhBPL R48A K111A co-crystallised with biotin and ATP, the disordered triphosphate chain reduces the reactivity between the ligands and the authors subsequently used this double mutant (and the PhBPL R48A single mutant) to allow co-crystallisation with PhBCCPΔN76, the structure of which was reported during the final stages of preparation of our manuscript. 19 It is interesting to note that in the PhBPL R48A 
Expression and purification of AaBPL
AaBPL was expressed and purified essentially as described but with the following modifications. 21 The cell pellet, suspended in 10 mM Hepes pH 7.5 containing one tablet of Complete™ Proteinase Inhibitor Cocktail 
Cloning, expression and purification of mutant AaBPL R40G
Site-directed mutagenesis was carried out with the Stratagene kit. The complementary oligonucleotides encoding the desired mutation were obtained from Sigma Genosys (AaBPL R40G for: GGA AGG GGA GGA CTC GGA AGG AAG TGG CTC, AaBPL R40G rev: GAG CCA CTT CCT TCC GAG TCC TCC CCT TCC).The mutant AaBPL R40G was then expressed and purified as described for wild-type AaBPL.
Crystallisation of apo-AaBPL, AaBPL:biotin:ATP and mutant AaBPL R40G and AaBPL R40G:biotin
The purified protein AaBPL was concentrated to 5 mg/ml and crystallised by the hanging drop, vapour diffusion method at 17 °C. Each crystallisation drop contained 2 μl of protein solution and 1 μl of the reservoir solution (0.1 M Mes, 0.2 M ammonium sulphate, 15 % (w/v) PEG 5000 mono-ethyl ether, pH 6.5).
To limit nucleation due to impurities, the protein was centrifuged for 1 h at 13,000 rpm before crystallisation.
The crystals appeared immediately and grew non-reproducibly in a few hours to approximately 0.5 mm in length. In the case of the AaBPL:biotin:ATP complex, D-biotin (2 mM, 1 M NaOH final concentration) and 
Data collection and structure analysis
Data were collected at station BM14 ESRF Grenoble and station 10.1 SRS Daresbury. Data were processed using the programs MOSFLM and SCALA as part of the CCP4 suite of programs and the structure was solved with the program PHASER using the structure from P. horikoshii (PDB code 1WPY). Initial refinement was done using the program REFMAC and finished using the program phenix.refine as part of the PHENIX package. 53, 54 Manual refinement was performed using the program COOT. 55 Details of the X-ray data collection, processing and statistics are presented in Table 2 . Table 2 . X-ray data collection, processing and refinement statistics. →
Isothermal titration calorimetry
Isothermal titration calorimetry measurements were performed on a VP-ITC calorimeter (Microcal Inc). All experiments were carried out at 25 °C in 10 mM Hepes, 4 mM EDTA, pH 7. 
Mass spectrometry
Positive electrospray ionisation (ESI) liquid chromatography (LC-ESI-MS) was used for the characterisation of AaBPL, AaBPL R40G and biotinylated BCCPΔ67. Protein samples were separated using a Phenomenex C5 reverse phase column on a Waters HPLC 2690. The proteins were eluted from the column with a 5%-95%
(v/v) acetonitrile gradient (containing 0.1 % TFA) and analysed on a MicroMass Platform II quadrupole mass spectrometer. The molecular mass was determined by the Transform algorithms of the Mass Lynx software (MicroMass).
Protein Data Bank accession codes
The coordinates have been submitted to the PDB. The apo form of AaBPL has been assigned the PDB code3FJP, the AaBPL:biotin:ATP complex has PDB code 3EFS and the AaBPL R40G:biotin complex has PDB code 3EFR.
